Abstract Strain-related differences in animals' cognitive ability affect the outcomes of experiments and may be responsible for discrepant results obtained by different research groups. Therefore, behavioral phenotyping of laboratory animals belonging to different strains is important. The aim of the present study was to compare the variation in allothetic visuospatial learning in most commonly used laboratory rat strains: inbred Wistar (W) and Sprague-Dawley (SD), outcrossed Wistar/Sprague-Dawley (W/SD), and outbred Long Evans (LE) rats. All rats were trained to the arbitrary performance criterion of 83 % correct responses in the partially baited 12-arm radial maze allowing for simultaneous evaluation of both working and reference memory. In the present study, testing albino versus pigmented and inbred versus outcrossed rats revealed significant strain-dependent differences with the inbred SD rats manifesting lower performance on all learning measures compared to other strains. On the other hand, the outcrossed W/SD rats showed a lower frequency of reference memory errors and faster rate of task acquisition compared to both LE and W rats, with W rats showing a lower frequency of working memory errors compared to other strains. In conclusion, albinism apparently did not reduce the animals' performance in the allothetic visuospatial learning task, while outcrossing improved the spatial learning. A differential effect of strain on the contribution of each error type to the animals' overall performance was observed. The strain-dependent differences were more pronounced between subpopulations of learning-deficient individuals ("poor" learners), and generally the reference memory errors contributed more to the final behavioral output than did the working memory errors.
Introduction
After domestication of the Norway rat (Rattus norvegicus), laboratory rats have become one of the critical animal models for both biomedical and behavioral studies (Whishaw, 2004) . Since then, inbred strains and outbred stocks of albino and pigmented rats have been generated and used in neurobiological studies on nervous system function and behavior. A substantial number of these studies have been devoted to the neurobiology of learning and memory, a process that plays a crucial role in shaping animal and human behavior. In the wild, small rodents such as rats and mice live on the ground but also in underground burrows often resembling complicated labyrinths. It is not surprising then that rats and mice are favorable subjects in studies on spatial learning and memory, and that most of the behavioral tasks used in these studies are different types of mazes such as the Olton radial arm maze (Olton & Samuelson, 1976) , the Barnes maze (Barnes, 1979) , and the Morris water maze (Morris, Garrud, Rawlins & O'Keefe, 1982) .
Spatial working memory can be defined as short-term storage of a limited amount of spatial information which can be used for other cognitive processes and is available for immediate access (Baddeley, 1992) . On the other hand, spatial reference memory, a term first coined by Honig (1978) and then used by Olton, Becker & Handelmann (1979) , refers to spatial information which is used over and over again and is usually obtained as a result of repeated training, therefore undergoing consolidation over time and showing higher resistance to interference. It has been well documented that the anatomical and genetic background of these two kinds of memory is not the same (Kandel, 2001; Kandel, 2009) . The interplay of environmental and genetic factors (Sousa, Almeida & Wotjak, 2006; Wahlsten, Metten, Phillips, et al., 2003) and related differences in brain wiring and biochemistry result in individual but also between-strain variations in learning and memory abilities commonly observed in random human or animal populations (Gökçek-Saraç, Karakurt, Adalı & Jakubowska-Doğru, 2012; Gökçek-Saraç, Adalı & Jakubowska-Doğru, 2013; Jakubowska-Doğru, Gümüşbaş & Kara, 2002) . Non-cognitive factors such as sensory perception, emotionality, or locomotor activity may also contribute to this variation. It was for instance reported that in some mouse strains (e.g., 129S6 mice) poor Barnes maze performance is related to low exploratory behavior rather than to a spatial memory deficit per se (Holmes, Wrenn, Harris, Thayer & Crawley, 2002) . It has also been postulated that the use of albino rats in visual discrimination tasks might yield data markedly different from the results obtained in similar tasks with pigmented animals (Prusky, Harker, Douglas & Whishaw, 2002) . Strain-related differences in animal performance in cognitive tasks routinely used in laboratory practice cannot be underestimated since such differences affect the outcomes of the experiments where the effects of different manipulations (pharmacologic, surgical, behavioral, or environmental) are studied and compared (Andrews, 1996) . They are often a source of discrepant results obtained by different research groups. Therefore, behavioral phenotyping of commonly used laboratory animals such as rats and mice is important. It provides glimpses into the baseline performance of a particular laboratory strain and so has implications for the selection of animal models.
Behavioral differences have been widely studied in mice (Bothe, Bolivar, Vedder & Geistfeld, 2005; Holmes, Wrenn, Harris, Thayer & Crawley, 2002; Nguyen, Abel, Kandel & Bourtchouladze, 2000; Wahlsten, Metten, Phillips, et al., 2003) . In rat study literature to date, most available studies focus on strain-dependent differences in sensitivity to pharmacologic agents (Hölscher, 2002; Kacew, 1996; Stöhr, Wermeling, Weiner & Feldon, 1998) , and relatively fewer studies address differences in cognitive functions such as activity-dependent neuroplasticity (Manahan-Vaughan, 2000) and behavioral measures of learning. However, available studies suggest significant differences in performance between strains. For instance, outbred pigmented Long Evans rats were reported to be more successful in autoshaping of a lever press and a two-object discrimination test but worse in a two-island water maze task compared to outbred albino strains, Wistar and Sprague-Dawley (Andrews, Jansen, Linders, Princen & Broekkamp, 1995) . On the other hand, Harker and Whishaw (2002) found wild Long Evans and Fischer-Norway rats superior to inbred Wistar, Fischer 344, Dark-Agouti, and Sprague-Dawley strains in the Morris water maze task (in both place acquisition and matching-to-place performance), suggesting that both inbreeding and albinism but not domestication had adverse effects on cognitive functions. However, in another study, adult pigmented Brown Norway rats demonstrated much poorer performance in an applied variety of tasks including Morris water maze, passive avoidance, delayed non-matching to position, and a shuttle box avoidance task as compared to Wistar, Fischer-344, and Fisher 344 × Brown Norway hybrids (Josef Van Der Staay & Blokland, 1996) . There are, however, relatively few studies comparing the potential strain-related differences in rats using ethologically relevant solid-ground radial arm maze (RAM) in its partially baited version, which enables silmultaneous evaluation of working and reference memory. Considering the independence of these two types of memory Ohno, Yamamoto & Watanabe, 1993; Woodson, Macintosh, Fleshner & Diamond, 2003) and their importance in the control of human and animal behavior, the aim of the present study was to analyze individual and strain-dependent variation in both working and reference spatial memory among four common laboratory rat strains including inbred albino Wistar and Sprague-Dawley rats, outcrossed Wistar/Sprague-Dawley rats, and outbred pigmented Long Evans using multiple measures of animal performance in partially baited 12-arm radial maze.
Materials and methods

Subjects
Experiments were carried out on four groups of naïve male rats: 3-month-old inbred albino Wistar (W) rats (n = 27), inbred albino Sprague-Dawley (SD) rats (n = 29), outcrossed Wistar/Spraque-Dawley (W/SD) rats (n = 33), and outbred pigmented Long-Evans (LE) rats (n = 32) (the nomenclature was adapted from Lyon, 1981) . All animals were derived from well established colonies. Albino rats were obtained from Gülhane Military Medical Academy (GATA) Animal Facility, Ankara, Turkey, while LE rats came from the Charles River Laboratory, Germany. Prior to and during the experiments, all rats were kept in the Middle East Technical University (METU) animal facility under the same conditions. They were housed in home cages made of transparent plexiglass in groups of three under a constant temperature (21°C) and a 12/12-hour light/dark cycle with lights on between 7 am and 7 pm. One week before the experiments, rats were subjected to a food-restricted diet with a daily food portion of about 30 g of a standard commercial rat chow (Korkutelim Yem Gıda San.Tic. A.Ş., Turkey) provided to each rat 30 min after completion of the daily experimental session. Before rats were taken into experiments, their body weight was reduced by 15 % relative to ad libitum weight (Gökçek-Saraç, Adalı & Jakubowska-Doğru, 2013; Gökçek-Saraç, Karakurt, Adalı & Jakubowska-Doğru, 2012; Jakubowska-Doğru, Gümüşbaş & Kara, 2002) . The rats' body weight was recorded daily and kept at a stable level across the experiments. The animal care procedures and all experimental manipulations were pursued in accordance with the METU Ethic Committee Regulations (Protocol No: 2009/01 ).
Apparatus
The apparatus was a 12-arm radial maze made of plywood, painted flat grey and elevated 80 cm above the floor in a room of approximately 12 m 2 containing a variety of distal visual cues (a laboratory bench, a sink, shelves, posters), the position of which did not change throughout the experiments. The central platform of the maze was 40 cm in diameter and arms were 60 cm long and 9 cm wide (Gökçek-Saraç, Karakurt, Adalı & Jakubowska-Doğru, 2012; Gökçek-Saraç, Adalı & Jakubowska-Doğru, 2013; Jakubowska-Doğru, Gümüşbaş & Kara, 2002; Wirsching, Beninger, Jhamandas, Boegman & El-Defrawy, 1984) . Each arm was framed by 15-cm high sidewalls made of clear plexiglass which prevented rats from directly crossing from one arm to the other, but allowed them to see the visual cues in the room. A guillotine door was placed at the entrance to each arm. The doors were operated manually and could be moved individually or in concert. A food well (2 cm wide and 2 cm deep) was located at the end of each arm. To unify the food odor traces throughout the maze, a perforated partition was inserted in all food wells 1 cm from the bottom, and food pellets (two 2-g chocolate flavored rice puffs; Ülker A.Ş., Turkey), were placed under it. The same food pellets were used as bait during the training. A dim homogenous light was used to illuminate the maze.
Procedure
Shaping training
For six consecutive days prior to the experiments all rats were handled daily for 5 min each. At the beginning of RAM experiments, rats were given 5 days of habituation and shaping sessions, in which they were individually allowed to explore the maze for 10 min each day and eat all the food pellets scattered throughout the maze. On each successive day, the number of pellets was reduced and they were placed closer to the ends of the arms. At the end of the shaping training, the rice puffs were placed only in the food wells. Rats were habituated to the movements of guillotine doors on the last day of the shaping. During the shaping training, radial maze was surrounded by non-transparent curtains so the extra-maze cues were invisible to the rats.
RAM training
During the RAM training, bait was placed only in the food wells of six semi-randomly selected arms, the same for all subjects, ensuring that the spatial relations between baits positions and the distal visuo-spatial cues were the same for all animals (Fig. 1) .
One session was given daily. Experiments were run every day between 9 am and 5 pm. Rats were trained in groups and always taken into experiments at the same time of day and in the same order. During the daily sessions, rats were individually placed on the central platform facing different directions and allowed to orient themselves. After 5 s the trial was started by the experimenter concurrently opening all 12 doors and allowing the rat to make its first choice by entering one of the arms. Each time, the rat returned to the central platform after making a choice, the guillotine doors were shut for 5 s, and only then the animal was allowed to make the next choice. This allowed the rats to reorientate and prevented thigmotaxis or chaining behavior. Rats were permitted to choose among the arms until they completed the session by either eating all the pellets or making 12 choices (twice more than the bait in the maze) or 10 min had passed, whichever came first (Brown & Giumetti, 2006 El-Defrawy, 1984). Entry to the arm was counted only when the rat crossed the midpoint of the alley with its two forepaws. The maze was cleaned of debris and droppings after each rat. All rats were trained according to the criterion of one error or less in the first six choices averaged over three consecutive days of training, which corresponded to a choice accuracy of 83 % or better. A partially baited radial arm maze such as used in the present study allows simultaneous estimation of both reference and working memory errors. To efficiently solve the task, rats must employ a win-stay strategy based on long-term reference memory between foraging sessions, and employ a win-shift strategy based on short-term working memory within a foraging session (Jakubowska-Doğru, Gümüşbaş & Kara, 2002) . In a single experimental session, a successful solution to such a task is not to enter the arms that have never been baited, and not to re-enter the arms that have been depleted of food. Behavioral measures included: (a) number of daily sessions, total number of choices, and total number of errors to the acquisition criterion; (b) total number of entries to unbaited arms (reference memory errors, RMEs); (c) total number of re-entries to either baited or unbaited arms (working memory errors (WMEs)). On the basis of their performance in the radial maze, rats were classified as "good" (total number of choices to the acquisition criterion ≤ group mean − 3 standard error of mean (SEM)), "poor" (total number of choices to the acquisition criterion ≥ group mean + 3 SEM), and the remaining "intermediate" learners.
Statistical analysis
Data were expressed as mean ± SEM. To evaluate the behavioral data, mixed ANOVA (strain × type of error) followed by one-way ANOVA with either strain or cognitive status ("poor" vs. "good") as independent variable was applied. Fisher's least significant difference (LSD) post hoc test was used for the comparison of simple effects. To evaluate within-group differences between the numbers of working and reference memory errors, Student's t-test for paired comparisons was used. To compare the chronological changes in animals' performance in the course of training, two-way repeated measures ANOVA with strain as an independent factor was conducted on percent of correct choices, percent of WMEs, and percent of RMEs out of the first six choices in the consecutive fivesession blocks. Tukey's post hoc tests were used for simple effects comparisons. In this analysis, only the first four fivesession blocks were considered since within the fourth training block all subjects from the W/SD group had reached the acquisition criterion. Prior to analysis, the percent data were converted to arcsine values using Excel ASIN function.
To analyze the correlation between the mean number of total choices with both reference and working memory errors, within and between-strains, the Pearson's correlation test and ANCOVA analysis were applied using the R "cor.test" and "lm" functions, respectively (Team, 2005) .
A p-value ≤ 0.05 was considered as statistically significant. The statistical package SPSS v.18 was used for other statistical analyses.
Results
Whole group performance data
The number of sessions, total number of choices, and total number of errors to the acquisition criterion as well as the total numbers of WMEs and RMEs were compared between inbred W and SD, outbred LE, and outcrossed W/SD rat strains ( Fig. 2A, B, C, D) .
One-way ANOVA for groups on the total numbers of sessions, choices, and errors to criterion revealed the main effect of strain on all three measures (F (3;120) = 34.243 , p ≤ 0.001, F (3;120) = 37.792, p ≤ 0.001, and F (3;120) = 38.557, p ≤ 0.001, respectively). The post hoc test applied to the group data confirmed the higher overall number of all (sessions, choices, and errors) in SD rats compared to the other strains (p ≤ 0.001) ( Fig. 2A, B, C) . In outcrossed W/SD rats, the total numbers of sessions to criterion was significantly lower not only compared with SD but also compared with W and LE rats (p = 0.003 and p = 0.006, respectively) ( Fig. 2A) . A similar pattern of between-strain differences was observed for the total numbers of choices to criterion (Fig. 2B) ; however, here the difference between W and W/SD rats was not statistically significant (p = 0.239), while the difference between W and LE rats was only marginally significant (p = 0.07). A similar trend was also observed for the total number of errors to criterion ( Fig. 2C ) with a significantly lower number of errors in W and W/SD strains compared to SD and LE rats, and the difference between W and W/SD rats was not statistically significant.
In all rat strains, number of emitted RMEs outnumbered that of WMEs (Fig. 2D ). Student's t-test for paired comparisons yielded the differences between reference and working memory errors as significant in all four strains (p ≤ 0.001).
To evaluate between-strain differences in working and reference memory (Fig. 2D) , a mixed ANOVA (Strain (4) × Error Type (2)) was conducted. The output of the analysis in addition to the main effects of strain and error type (F (3;117) = 38.557, p ≤ 0.001 and F (3;117) = 231.951, p ≤ 0.001, respectively) revealed significant error type × strain interaction (F (3;117) = 11.264, p ≤ 0.001). This analysis was followed by one-way ANOVA with strain as the independent variable performed for each type of error type independently. Oneway ANOVA confirmed the effect of strain on both WMEs and RMEs (F (3;120) = 34.823, p ≤ 0.001 and F (3;120) = 37.386, p ≤ 0.001, respectively). The post hoc Tukey test applied to WMEs confirmed a higher emission of these errors in the SD group compared to all three remaining groups (p ≤ 0.001). LE rats emitted more WMEs in comparison to the W and W/SD groups (p < 0.05), whereas the difference between the W and W/SD groups was not significant (p = 0.491). The post hoc test for the occurrence of RMEs showed that the number of these errors was higher in SD rats as compared to other groups (p ≤ 0.001). On the other hand, outcrossed W/SD rats made fewer RMEs compared not only to SD and LE rats (p ≤ 0.001) but also compared to W rats (p ≤ 0.045). The difference in total number of RMEs between LE and W rats was not statistically significant.
Since the numbers of sessions and choices to criterion differed between groups, we calculated for each rat group the mean number of each type of error per session. The lowest frequency of WMEs/session was estimated for W rats (1.1 ± 0.0783), the second lowest for W/SD rats (1.8 ± 0.0850), and the highest for LE (2.3 ± 0.0955) and SD rats (2.5 ± 0.1045). In contrast to this, the lowest mean frequency of RMEs/session was recorded in W/SD rats (1.2 ± 0.0851), higher in W rats (2.7 ± 0.1281), and highest in SD (3.3 ± 0.0773) and LE rats (3.4 ± 0.0641).
The strain × error type interaction revealed through mixed ANOVA may indicate the differential contribution of working and reference memory errors to the groups' overall Fig. 2 Mean ( ± SEM) number of sessions (A), choices (B), total errors (C), and mean numbers of working (WME) and reference memory errors (RME) (D) to criterion in W, SD, W/SD, and LE rat strains. Error bars denote ± SEM. Asterisks denote the level of significance: *p < 0.05, **p < 0.01, ***p < 0.001 Fig. 3 Regression plots based on individual data (A and B) and strain means (C) showing the correlation between total number of choices to the task acquisition criterion and total number of WMEs (A), RMEs (B), and total errors (C) performance. To evaluate the contribution of each error type to the individual and strain-based variation in the animals' learning skills, Pearson's correlation and ANCOVA analysis with number of choices to criterion as the covariate were performed. Figure 3 presents the regression plots based on individual (A and B) and group (C) data demonstrating a correlation between number of errors (WMEs, RMEs, and total) and the total number of choices to the task acquisition criterion.
Pearson's correlation analysis yielded an overall significant positive correlation between number of choices to criterion and WMEs as well as RMEs (r = 0.98, p = 0.015 and r = 0.99, p = 0.004, respectively). A highly significant positive correlation was also found between these measures in each strain considered independently (W: r = 0.72 and r = 0.97, W/SD: r = 0.68 and r = 0.83, SD: r = 0.93 and r = 0.98, LE: r = 0.93 and r = 0.96, for WMEs and RMEs, respectively, p < 0.0001). Parallel to that, ANCOVA with strain means adjusted for numbers of choices to criterion as covariate yielded significant strain differences for both WME and RMEs (p < 10 -16 , respectively). Notably, W rats showed a significant difference for both WME (p < 0.0001) and RMEs (p < 0.0025) relative to other strains with a relatively smaller contribution of WMEs to the overall performance, which may be due to a generally lower emission of WMEs compared to other groups.
The learning curves presented in Fig. 4 illustrate changes in the percentage of correct choices as well as working and reference memory errors occurring in the course of training. The learning scores were calculated for the consecutive fivesession training blocks taking into consideration the first six choices in each session. Two-way repeated measures ANOVA with strain as an independent factor applied to the percent of correct choices (transformed to arcsin values) from the first four session blocks (common to all four strains) yielded the main effect of training block, main effect of strain, and training block × strain interaction highly significant (F (3; 351) = 201.132, p ≤ 0.0001, F (3; 117) = 19.651, p ≤ 0.0001, F (9; 351) = 21.731, p ≤ 0.0001, respectively). Post hoc comparisons confirmed a significantly slower rate of learning in SD rats compared to all other strains (p ≤ 0.001). The rate of learning in outcrossed W/SD rats was faster than that in W and LE rats (p ≤ 0.0001); however, the difference between W and LE rats was not statistically significant. Figure 4C presenting training-dependent changes in the execution of RMEs is a mirror image of Fig. 4A ; however, in Fig. 4C , the between-group differences are more pronounced. Analysis of temporal changes in the emission of RMEs also revealed the main effect of training block, main effect of strain, and training block × strain interaction highly significant (F (3;351) = 218.085, p ≤ 0.0001; F (3;117) = 20.900, p ≤ 0.0001, and F (9;351) = 23.139, p ≤ 0.0001, respectively), with post hoc comparisons confirming a significant difference between SD and all three other strains and between W/SD and both LE (p = 0.0001) and W rats (p = 0.001). The difference between W and LE rats was not statistically significant. The strain × block interaction indicates different temporal patterns of task acquisition among the strains. A steady but slow decrease in the execution of RMEs paralleled by an increase in percent correct choices was noted in SD rats. Steady but faster changes in both parameters were observed in W/SD and LE rats. In contrast, in W rats, we observed a rapid initial improvement manifested by a significantly lower frequency of RMEs and a higher percent of correct choices in the first five-session block compared to other groups, but then slowing down, resulting in their worse performance in the fourth session block as compared to both W/SD and LE rats. Similar analysis on the emission of WMEs also revealed the main effects of training block, strain, and training block × strain interaction (F (3;351) = 55.704, p ≤ 0.0001, F (3; 117) = 14.755, p ≤ 0.0001, F (9;351) = 3.671, p ≤ 0.0001, respectively). Post hoc comparisons revealed significant differences between SD rats and other strains, while the differences between W, W/SD, and LE strains were not statistically significant.
To better analyze the training-dependent changes in animals' performance we applied one-way ANOVAs selectively to the first and the fourth five-session training blocks. Analysis of the data from the first block of sessions revealed a significant strain effect on percentage correct and emission of RMEs but not WMEs (F (3;120) = 12.090, p ≤ 0.0001, and F (3;120) = 11.491, p ≤ 0.0001, respectively). At this early stage of training, post hoc comparison of simple effects confirmed significantly better performance in Wistar rats compared to the other three strains. Analysis of animal performance during the first day of training, however, rendered the strain effect not statistically significant. The same analysis applied to the data from the fourth five-session block revealed a significant main effect of strain on all three measures (p ≤ 0.0001), with SD rats manifesting significantly worse performance compared to the other rats (p ≤ 0.0001). The performance of the outbred W/SD rats as assessed by the percent of RMEs and the percent of correct choices was better compared to all other strains (p ≤ 0.0001), with the differences between W and LE rats not statistically significant.
Within-and between-group comparisons of "good" and "poor" learners
The individual rats with a mean number of choices to criterion ≤ group mean -3 SEM were classified as "good" learners (W n = 9, SD n = 9, W/SD n = 8, and LE n = 14), while rats with a mean number of choices to criterion ≥ group mean + 3 SEM were classified as "poor" learners (W n = 8, SD n = 10, W/SD n = 5, and LE n = 10). The remaining animals comprised the intermediate group not taken into consideration in the following analyses. For further analyses animals were divided into groups defined by strain and cognitive status (i.e., W "good", W "poor," etc.). The learning scores for "good" and "poor" learners from each strain are presented in Fig. 5 .
One-way ANOVA with group as independent factor applied independently to the numbers of sessions, choices, WMEs, and RMEs to criterion confirmed the main group effect (F (7;72) = 94.277, p ≤ 0.0001, F (7;72) = 148.795, p ≤ 0.0001, F (7;72) = 62.551, p ≤ 0.0001, and F (7;72) = 115.549, p ≤ 0.0001, respectively). In all strains, the differences between "poor" and "good" learners were significant for all four measures. The smallest differences were noted in the outbred W/SD rats (p ≤ 0.05) and in the W group wherein the number of WMEs was only marginally higher (p = 0.063) in "poor" compared to "good" learners. All other differences were at p = 0.0001. According to the results of the post hoc tests (Fischer LSD), SD "good" learners reached the performance criterion significantly more slowly compared to W, W/SD, and LE "good" learners as measured by the total number of choices (p = 0.0001, p = 0.0001, and p = 0.006, respectively) and required significantly more training sessions then W/SD (p = 0.001) and LE (P = 0.002), with the difference between SD and W "good" learners not statistically significant. The differences between W, W/SD and LE "good" learners in the rate of learning to criterion were not statistically significant. The same analysis carried out for "good" learners on the numbers of WMEs and RMEs (Fig. 5C ) also yielded the main effect of strain highly significant (F (7;72) = 62.551, p ≤ 0.0001 and Fig. 5 Mean number ( ± SEM) of sessions (A), choices (B), working memory errors (WMEs) and reference memory errors (RMEs) (C) to criterion in "good" and "poor" learners from W, SD, W/SD, and LE rat strains. Error bars denote ± SEM. Asterisks denote the level of significance: *p < 0.05, **p < 0.01, ***p < 0.001 F (7;72) = 115.545, p ≤ 0.0001,respectively). The emission of WMEs was higher in SD "good" learners compared to W, LE, and W/SD "good" learners; however, the difference between SD and W/SD "good" learners was not statistically significant (p = 0.059). The differences in the total number of WMEs between W, W/SD and LE "good" learners were also not statistically significant (see Fig. 5B ). The execution of RMEs was higher in SD "good" learners compared to all W, W/SD, and LE "good" learners, but the difference between SD and LE "good" learners was not statistically significant (p = 0.070). The occurrence of RMEs in LE "good" learners was higher compared to W "good" learners (p = 0.041), with no difference between W and W/SD and between W/SD and LE (p = 0.061) strains.
Regardless of whether the total number of choices or total number of sessions to criterion was used as a measure, the post hoc comparison of the learning parameters between "poor" learners belonging to different rat strains confirmed slower learning in SD "poor" learners compared to all other strains (p ≤ 0.0001). LE "poor" learners were slower in reaching performance criterion than both W and W/SD "poor" learners (p ≤ 0.0001) and W "poor" learners were slower than W/SD "poor" learners (p = 0.013) (Fig. 5A and B ). These differences in the rate of reaching task acquisition criterion were paralleled by significant differences in the number of RMEs (Fig. 5C) , which was higher in SD "poor" learners than in all other strains (p ≤ 0.0001), higher in LE "poor" learners compared to W and W/SD "poor" learners (p = 0.001 and p = 0.0001), and higher in W "poor" learners compared to W/SD "poor" learners (p ≤ 0.0001). The frequency of WMEs was higher in SD "poor" learners compared to other strains (p ≤ 0.0001), and in LE "poor" learners compared to both, W and W/SD "poor" learners (p ≤ 0.0001) (Fig. 5C) .
Discussion
In the present study, testing albino versus pigmented and inbred versus outcrossed rats representing rat strains most commonly used in behavioral studies on learning and memory revealed significant strain-dependent differences in the rate of reaching an arbitrary performance criterion in the RAM task. In this task where six out of 12 arms were baited, the inbred SD rats manifested poorer performance on all three measures (sessions, choices, and total errors to criterion) compared to the remaining strains while the outcrossed W/SD rats performed better on all measures than the outbred LE rats. The overall performance of inbred W rats was intermediate between that of W/SD and LE rats.
We used multiple measures to contribute to the discussion which learning parameter -the number of sessions or the cumulative number of choices to the task acquisition criterion -is better as an index of learning in an experimental paradigm such as ours where the number of choices per session differs between the animals. As seen from Figs. 2 and 5 (A and B) , the pattern of between-strain differences in these two measures was very similar and the emerging discrepancies rose from between-group differences in the number of choices made by animals during a single session. In our experiments, the difference in the number of sessions to criterion was significantly higher in W rats compared to W/SD rats, but difference in the number of choices between these two groups was not statistically significant. This discrepancy arises from the higher mean number of choices/ session in W/SD rats (10.5 ± 0.351) compared to W rats (6.6 ± 0.755), and suggests that a cumulative number of choices is a reliable measure of learning.
The individual and strain-dependent differences in the number of choices made by animals during a single session (10 min in this study), observed especially at the beginning of training, may arise from the differences in animals' locomotor/exploratory activity, and it may potentially have an impact on learning the task. However, our observations argue against it. In this study, no correlation was found between the mean number of choices calculated for the first training day and the first block of five sessions on one hand and the rate of reaching the learning criterion on the other hand. The best learning scores were noted in W/SD rats with the mean number of choices per first training session and the first five-session block equal to 10.5 ± 0.351 and 53.03 ± 2.009, respectively. These values were similar to those recorded for the SD rats having the worst learning scores: 10.5 ± 0.584 and 56.1 ± 1.309. In contrast to this, the mean number of choices executed by W rats considered the second most successful group was 6.6 ± 0.755 and 33.37 ± 0.755 for the first training session and the first five-session block, respectively. The lack of a direct relationship between the pretraining exploratory activity and space learning in the RAM task was also reported by other authors (Higashida & Ogawa, 1987) .
Individual-and strain-dependent variation in learning skills significantly correlated with the number of both WMEs and RMEs, with RMEs significantly outnumbering the WMEs and thus having a greater contribution to the overall behavioral output. As seen from Fig. 4A and C, changes in the emission of RMEs taking place along the training are a mirror image of the temporal changes in the percent of correct choices. This relatively lower contribution of working memory to solving a six-from-12 radial arm maze task observed in all four rat strains was noted despite the proposal that working memory capacity (in addition to selective attention) is considered to be a "general learning factor," accounting for approximately 40 % of the individual variation in learning skills assessed over multiple learning tasks in mice, another small rodent (Matzel, Wass & Kolata, 2011) .
Considering the independence of working and reference memory, we attempted to separately evaluate the working and reference memory performance not only by comparing between groups the total numbers of WMEs and RMEs to criterion but also by conducting a mixed ANOVA (strain × error Type), Pearson's correlation, and ANCOVA analyses where number of choices to criterion was a covariate of WMEs and RMEs, and finally by separately examining changes in these two error types on chronological basis. Data analyses suggest a differential contribution of each type of error (WME versus RME) to the overall performance of different strains. Between-strain differences were observed in the mean frequency of WMEs and RMEs per session with the lowest mean frequency of WMEs in W and the lowest mean frequency of RMEs in W/SD rats. Also, the mixed ANOVA in addition to the significant main effects of strain and error type revealed significant strain × error type interaction with the Pearson correlation and ANCOVA analyses, indicating a relatively smaller contribution of WMEs to the overall performance in W rats as compared to other strains (Fig. 3A) . This result gives additional support to the idea of a mechanistic dissociation between working and long-term memory as suggested by some recent studies examining the effects of spatially restricted genetic manipulations confined to the forebrain/hippocampus on animals' performance in the spatial learning tasks allowing for separate recording of working and reference memory errors (Niewoehner, Single, Hvalby, Jensen, Meyer zum Alten Borgloh, Seeburg, Rawlins, Sprengel & Bannerman, 2007; Sanderson, Good, Skelton, Sprengel, Seeburg, Rawlins & Bannerman, 2009) .
The learning curves presented in Fig. 4 confirm that the learning is a steady incremental process in which an increase in the proportion of correct choices is accompanied by a parallel decrease in both WMEs and RMEs. During the first five-session training block, the choices of SD, W/SD, and LE rats were random and their performance hovered around 50 % correct. Only the performance of W rats was significantly better, indicating a fast initial task acquisition.
When the performance of rats classified as "good" and "poor" learners was compared between the strains, more pronounced differences were found between the "poor" than the "good" learners. Interestingly, no significant differences were found in the rate of reaching the task acquisition criterion between "good" learners belonging to W, W/SD, and LE strains, while LE "poor" learners were significantly slower in reaching the acquisition criterion and emitted significantly more RMEs than both W/SD and W "poor" learners. On the other hand, W "poor" learner rats were significantly slower in reaching criterion and made significantly more RMEs than W/SD "poor" learners. LE "poor" learners also emitted significantly more WMEs than both W and W/SD "poor" learners. These results suggest that more pronounced between-strain differences in the learning skills occur when comparing individuals with learning scores below the group average while "good" learners from different strains show a ceiling effect.
Reasons for the individual and strain-dependent variation in behavior may differ. Although environmental factors including rearing and maintenance conditions have an impact on animal behavior, whenever differences are found between different lines/strains of laboratory animals coming from well established colonies meeting generally accepted standards of animal care, most probably the nature of such differences is genetic polymorphism, in particular since bi-directional selection for many of these differences seems to be possible (Crusio & Gerlai, 1999) .
According to a naturalistic model of variation of cognitive abilities and the rules of classic genetics, this is an expected result as it is known that outcrossing similar to outbreeding may produce cognitive enhancement due to the masking of deleterious alleles (Fa, Funk & O'Connell, 2011) . The outcrossed W/SD rats had significantly better scores than the inbred SD and LE rats on all three measures, and showed a significantly lower number of RMEs compared to W rats. The finding that outcrossed W/SD rats were outperforming SD rats but only slightly differed from W rats may be explained by assuming that the process of genetic differentiation between populations is largely random, and that populations may differ in their accumulation of deleterious recessive mutations and their loss of advantageous alleles through genetic drift. It was postulated that heterosis is maximized in the first generation of interpopulation crosses, and thus the most pronounced effects of heterosis are expected in the first generation following gene flow (Lynch, 1991) . On the other hand, several combined behavioral and anatomical studies carried out in small rodents such as rats and mice demonstrated a significant correlation between spatial learning skills and strain-dependent variation in the morphology of the hippocampus (i.e., variation in mossy fibers distribution) (Crusio & Schwegler, 2005; Prior, Schwegler & Dücker, 1997) . It has also been shown that the architecture of the hippocampus (i.e., mossy fibers terminal fields) has a genetic background and is heritable (Barber, Vaughn, Wimer & Wimer, 1974; Crusio, Genthner-Grimm & Schwegler, 2007; Peirce, Chesler, Williams & Lu, 2003; Vaughn, Matthews, Barber, Wimer & Wimer, 1977) . Parallel to this, profiling of hippocampal gene expression in different mouse strains indicated significant strain-dependent variation in brain protein expression (Gökçek-Saraç, Karakurt, Adalı & Jakubowska-Doğru, 2012; Pollak, John, Scharl, Leisch, Schneider, Hoeger & Lubec, 2006) . Interestingly, in our study, albino W rats known to have worse visual functions compared to pigmented rats including lower visual acuity (Prusky, Harker, Douglas & Whishaw, 2002) and impaired vision in both bright but also dim light due to light dazzling and lower rod density (Ilia & Jeffery, 2000) were as good as pigmented LE rats in the rate of learning in this visuospatial task. Harker and Whishaw (2002) in their studies on place learning in the water maze also documented better performance of LE rats compared to Fisher-Norway rats, with the latter strain having visual acuity superior to that of LE rats. This observation is in line with findings by Ramos (2000) , who reported that rats' performance in the well learned spatial tasks was more impacted by a change in the general shape of the experimental room than by removal of salient extramaze cues. These results may indicate that in small rodents high visual acuity is not necessarily a prerequisite of successful performance in visuospatial tasks where the visual cues are at a distance of 1.5-2 m. However, in contrast to our results, in studies carried out in the 8-arm radial maze, Hooded Lister rats were reported to perform better than Wistar rats in both working memory and in double working and reference memory tasks (ManahanVaughan & Schwegler, 2011) . The superior performance of albino W/SD and on some measures W rats compared to pigmented LE rats demonstrated in this study is also inconsistent with the results of Harker and Whishaw (2002) , who previously reported poorer learning in albino Wistar and Fischer 344 strains compared to pigmented Long Evans and wild rat strains. These discrepancies can be explained by the fact that in addition to visual skills there are several other factors affecting learning. One of them may be the behavioral task used: solid ground maze employing foraging behavior in our experiments and swim-escape response in the MWM in Harker and Whishaw's (2002) studies. In addition, in a dry maze task compared to the water maze, there is a higher probability that some intramaze cues can be used together with the allothetic extramaze room cues to build a cognitive map of the environment which may differentially affect place learning in different strains (Bures, Fenton, Kaminsky, Wesierska & Zahalka, 1998; Stuchlik, Fenton & Bures, 2001) . Interestingly, in both our and Harker and Whishaw's (2002) studies, regardless of the task used, the SD rats demonstrated the poorest performance in place acquisition.
Taken together, this study demonstrated significant differences in spatial learning between the four most commonly used rat strains, inbred albino Wistar (W) and Sprague-Dawley (SD), outcrossed Wistar/Sprague-Dawley (W/SD) and outbred pigmented Long Evans (LE) rats. These differences were more pronounced between subpopulations of learning-deficient individuals ("poor" learners) compared to "good" learners. In all strains, the reference memory errors had a greater contribution to the final behavioral output than the working memory. A differential effect of strain on the contribution of each type of memory to the animals' overall performance has been noted with W rats performing relatively less working memory errors compared to other strains. The albinism and thus worse visual functions were shown not to significantly reduce animals' skills for place learning under allothetic navigation cues, while outbreeding significantly improved spatial learning. The results of this and similar studies are important because they help to establish a reference frame for other studies using animal models to investigate mnemonic processes.
